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Abstract 
The wide range of environments in which sorghum and pearl millet are grown in semi-arid India 
can be grouped as variable, optimum (or near-optimum), and stored soil moisture types. 
Variations in specific plant responses such as phenology, leaf area development, root growth, 
and water-use efficiency under these three types of environments are discussed. Sorghum and 
millet are contrasted for their response to a variable moisture environment, and the response of 
sorghum grown under stored moisture during the postrainy season to terminal stress is 
described. Finally the role of timing, intensity, and duration of stress on grain yield is examined. 
Breeding and management strategies for obtaining consistently high grain yields should fully 
fake into account specific plant responses to the basic environment to which research is 
directed. 
The variation in the duration and amount of rainfall 
in India, caused by the southwest monsoon, 
creates a broad range of rainfall environments 
across the semi-arid tropical (SAT) regions of the 
country (Kanitkar et al. 1968). When combined with 
soils of varying depth, texture, and slope, the result 
is an even broader range of moisture environments 
for farming. Grain sorghum and pearl millet fit prim-
arily into the drier parts of this range, As soil mois-
ture is the major determinant of crop production, 
their adaptation to moisture deficit conditions is 
important. The erratic rainfall during the monsoon 
makes it difficult to predict the timing and intensity 
of drought stress during this season. During the 
postrainy season (rabi), sorghum is grown on Ver-
tisols with stored soil moisture, in which case the 
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increasing level of drought stress, especially after 
flowering, is fairly predictable. Other differences 
between these two seasons are described by Siva-
kumar et al. (these Proceedings). 
To understand plant responses to drought, one 
should fully study the temporal and locational spe-
cificity that characterizes a particular drought con-
dition. In this paper we will first examine the three 
most characteristic moisture environments of SAT 
India; second, describe various crop responses 
such as development, growth, and water use, and 
grain yield under different patterns of drought; 
finally, discuss the implications of these responses 
in solving the problems posed by different types of 
drought. 
Moisture Environments 
of SAT India 
The basic types of moisture environments can be 
classified as variable, optimum or near-optimum, 
and stored soil moisture conditions (Quizenberry 
1982). In each of these environments both the sea-
sonal pattern and t he amount of evapotranspiration 
(ET) depend upon the rainfall distribution, the 
potential ET during the season, and the soil charac-
teristics. We will illu strate the differences in these 
three environments by discussing rainfall probabil-
ity estimates (Virmani et al. 1982) and soil moisture 
budgets. 
Rainfall Probabil ity Analysis 
We have chosen three locations for discussion: 
Jodhpur in Rajasthan state, and Nanded and 
Ahmednagar in Maharashtra state. Jodhpur has a 
short rainy season (11 weeks) with a monsoon 
rainfall of approximately 300 mm. The probability of 
receiving less than 20 mm of rainfall per week 
during the season is 50 to 70% (Fig. 1). Soils are 
primarily sandy, with low water-holding capacity. 
Thus, Jodhpur is a variable soil moisture environ-
ment, where drought during the season is frequent 
and unpredictable. Pearl millet is the main crop 
grown in this zone, with very few or no purchased 
inputs. 
Nanded in eastern Maharashtra is in an assured 
Figure 1 . Probabi l i ty o f receiving < 2 0 mm rainfa l l /week for three d i f ferent moisture env i ronments in 
India: A h m e d n a g a r (19° 0 5 ' N , 7 4 ° 5 5 ' E ) , J o d h p u r (26° 18 'N , 73° 01 'E) , and N a n d e d (19° 0 8 ' N , 7 7 ° 
2 0 ' E ) . T h e total rainfal l , dur ing t h e rainy season at these locations is 5 0 0 , 3 0 0 , and 8 1 0 m m , 
respect ively; dur ing the postrainy season , rainfall is less than 50 mm (adapted f rom V i r m a n i et a l . 
1 9 8 2 ) . 
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rainfall zone with a longer rainy season (18 weeks) 
and a seasonal total of approximately 800 mm. The 
probability of receiving less than 20 mm of rainfall 
per week is much lower than that for Jodhpur (Fig. 
1). Soils are deep Vertisols with high water-storage 
capacity; hence, sorghum is grown here in an opti-
mum soil moisture environment. Towards the end 
of the season, rains are adequate to keep the pro-
file sufficiently charged with water; hence an addi-
tional rabi crop can be grown on stored moisture. 
Ahmednagar lies in the rain shadow of the West-
ern Ghats mountain range, and, although the rainy 
season is of the same duration as in Nanded, the 
seasonal total is less than 500 mm. The probability 
of insufficient rainfall (<20 mm/week) during the 
rainy season is higher even than that at Jodhpur 
(Fig. 1). Both sorghum and millet are important in 
this district. Millet is grown on the shallow soils 
during the rainy season, and sorghum on the deep 
soils—similar to those at Nanded—with stored 
moisture during the postrainy season, following a 
rainy-season fallow or a short-duration pulse crop. 
The somewhat more reliable rains during the later 
part of the rainy season (Fig. 1) generally result in a 
fully charged soil profile at the beginning of the 
postrainy season and leave sufficient moisture for 
satisfactory crop establishment and growth, 
although drought may occur at the end of the 
season. 
Soil Moisture Budgets 
The partitioning of the seasonal total available 
moisture into its various end uses differs consider-
ably in these three environments because of differ-
ences in rainfall, atmospheric demand, and soil 
characteristics. We have selected three sets of 
data on distribution and magnitude of various 
water-balance components—computed as des-
cribed by Singh and Russell (1979) for three 
sorghum crops at Patancheru—to illustrate the dif-
ferences between variable (Fig. 2a), optimum (2b), 
and stored soil moisture (2c) conditions. 
Although there were small amounts of water 
available in the profiles at sowing in the medium-
deep Alfisol (1977) and the deep Vertisol (1978), 
80% or more of the total moisture available for the 
rainy-season crops came from rainfall received 
during the crop growth period. In the 1977 postrainy 
season, however, 72% of the seasonal moisture 
was stored in the soil at the time of sowing (Fig. 2). 
Deep drainage (beyond the rooting zone) formed 
a significant portion (in both absolute and relative 
terms) of the water budget in both rainy seasons. In 
addition, during years of heavy storms, such as 
1978, large amounts of water may be lost as sur-
face runoff. Neither of these losses occurred during 
the postrainy season. Crop transpiration (T), in 
absolute terms was fairly similar in the three sea-
sons (150, 200, and 130 mm for the rainy-season 
Alfisol and Vertisol and the postrainy-season 
crops, respectively). As a percentage of the total 
seasonal moisture, however, T varied from 19% to 
66% over the three environments. Losses through 
soil evaporation (E) varied in direct proportion to 
the amount of seasonal rainfall received. Thus E 
during the postrainy season was minimum: only 
15% of the total water budget and less than 25% of 
T (Fig. 2). 
Finally, the moisture remaining in the profile at 
harvest varied from only 50 mm in the postrainy 
season (where the crop exhausts essentially all the 
available soil moisture in the root zone) to more 
than 200 mm in the high-rainfall Vertisol. In such 
Vertisols—in contrast to the Alfisol s i t ua t i on -
extended and double-cropping possibilities are 
excellent. 
Response of Sorghum and Millet 
to Drought 
A precise study of plant responses during the rainy 
season is difficult, since the drought pattern varies 
widely across years. Hence, for the purpose of our 
study, we use the relatively rain-free summer 
(February-May) season to simulate various pat-
terns of rainy-season stress. By withholding irriga-
tions from the crop we are able to impose a stress 
of required intensity and duration at any time during 
its life cycle (Seetharama and Bidinger 1977). Due 
caution must be exercised; however, in extending 
these results to the rainy season; it has been 
necessary to confirm our results at specially 
selected, drought-prone sites during the normal 
rainy growing season. However, the response of 
sorghum grown during the postrainy season to ter-
minal drought can be studied under natural condi-
tions using a suitable irrigated control for 
comparison. 
Crop Phenology . 
The effects of stress on the phenology of both 
sorghum and millet depend upon the severity of the 
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Figure 2 . S e a s o n a l w a t e r - b a l a n c e c o m p o n e n t s for Alf isols a n d Vert isols dur ing t h e rainy and 
postra iny seasons at P a t a n c h e r u , India. In e a c h of the th ree sets (a -c ) , t h e left c o l u m n represents the 
m a x i m u m q u a n t i t y of w a t e r received dur ing the season (stored moisture at p lant ing + rainfall dur ing 
t h e c r o p g r o w t h p e r i o d ) ; t h e right c o l u m n , the various c o m p o n e n t s o f water loss th rough t h e system. 
T h e f igures w i t h i n e a c h sect ion o f t h e c o l u m n represent the quant i ty o f water as percentage o f the 
total input o r loss f r o m t h e system. S o r g h u m hybr ids C S H - 6 and C S H - 8 R w e r e used dur ing the rainy 
a n d post ra iny seasons , respectively. Runof f w a s prevented dur ing the 1977 rainy season by b u n d -
ing. T h e m a x i m u m plant -ava i lab le w a t e r - h o l d i n g capaci ty o f t h e Alf isol profi le (127 cm deep) is 140 
m m ; that o f t h e Ver t i so l ( 1 8 7 cm deep) i s 2 4 0 m m . 
stress itself (the degree and duration of plant water 
deficit) and on the stage of development of the crop 
at the time of stress. When the stress is not too 
severe, as often observed under near-optimum 
environments, the phenological responses are not 
apparent; effects are mainly on growth and yield. In 
the variable moisture environment, however, 
effects on phenology can be very evident, particu-
larly when stress occurs before flowering. A com-
parison of the f lowering patterns of two 
experimental hybrids of millet subjected to a period 
of severe stress between 20 and 45 days after 
sowing, illustrates this (Fig. 3). In the nonstressed 
conditions, mean flowering occurred at approxi-
mately 55 days for the earlier, high-tillering ICH-
220 (Fig. 3c) and 60 days for the later, low-tillering 
ICH-162 (Fig. 3a), while the period of flowering was 
20 to 30 days when both main shoot and tillers were 
considered. Under stress, the average flowering 
time was delayed by 10 to 15 days (occurring well 
after the termination of the stress), and the period of 
flowering was considerably extended. This was 
particularly obvious for ICH-220 (Fig. 3d), in which 
the tillers were delayed more than the main shoot. 
Regular dissection of shoots during this experi-
ment (Table 1) revealed that the delay in flowering 
in both main shoots and tillers in ICH-220 was due 
to a delay in development between floral initiation 
and flowering. In the late ICH-162, however, there 
was a delay in floral initiation in the tillers,'as well as 
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Figure 3. F requency distr ibut ions of t ime of f lower ing of individual plants of pear l mi l let hybr ids 
I C H - 1 6 2 (a and b) a n d I C H - 2 2 0 (c and d) in ful ly i rr igated contro l (a a n d c ) a n d s t ressed b e t w e e n 2 0 
and 45 days after e m e r g e n c e — t r e a t m e n t s (b and d ) . 
Table 1. Days f rom emergence to panicle in i t iat ion (PI) and f lower ing (F) fo r main shoot and indiv idual t i l lers in 
two pearl millet hybrids under cont ro l and drought-stress condi t ions. ( I r r igat ions were wi thhe ld 
between 20 and 45 days f rom emergence in stressed plots; Patancheru, summer 1982). 
Water treatment 
Hybrid ICH-220 
Control 
Stress 
Hybrid ICH-162 
Control 
Stress 
Main shoot 
PI F 
18 49 
18 58 
25 58 
28 70 
First tiller 
PI F 
26 54 
25 69 
36 58 
53 76 
Second tiller 
PI F 
27 54 
26 71 
38 NF1 
55 74 
Third tiller 
PI F 
28 51 
28 78 
40 NF 
56 NF 
Fourth tiller 
PI F 
32 63 
28 72 
41 NF 
57 NF 
Source: V. Mahalakshmi and F.R. Bidinger. ICRISAT, unpublished data. 
1. NF = Did not flower during the season. 
a delay in subsequent development. Thus the 
responses are related to timing of the process 
affected: changes occurring before 30 to 35 days 
were not affected, whereas those occurring after 
this time were. Apparently the stress became 
severe enough at that point to affect panicle 
development. 
The response of sorghum to a gradient of stress 
during the postrainy season was studied using a 
line source (Hanks et al. 1976) (Fig. 4). The mild 
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F i g u r e 4 . Ef fects of progressive d rought stress 
o n p h e n o l o g y o f s o r g h u m (cv C S H - 8 R ) . D a t a 
a r e f r o m a l ine -source exper iment ; mois ture 
g r a d i e n t t r e a t m e n t started a t 30 days f rom s o w -
ing a n d w a s repea ted a t 1 0 - d a y intervals until 
matur i ty . In t h e p lot nearest to t h e l ine s o u r c e 
t h e w a t e r a p p l i e d e x c e e d e d 8 0 % o f cumula t ive 
class A p a n e v a p o r a t i o n , values for the p reced-
ing 1 0 - d a y per iod; f lower ing occur red a t 73 
days a n d matur i ty a t 105 days. Regress ion 
equa t ions : f l o w e r i n g y = 75 .30 -1 .63x + 0.20x 2 
- 0 . 0 0 6 x 3 ( r = 0 . 9 9 * * * ) ; matur i ty: Y = 1 .44-0.50x 
( r = 0 . 9 9 * * * ) ; gra in- f i l l ing per iod; Y = 4 .83 -0 .89x 
( r = 0 . 9 5 * * * ) . 1 9 8 0 / 8 1 postra iny season; I C R I -
S A T , P a t a n c h e r u , India . 
stress (very near to line source) during this cool 
season tended to accelerate flowering by a few 
days (probably due to increase in the temperature 
of the meristem). Further along the gradient, how-
ever, flowering was progressively delayed as the 
stress intensity increased. In some instances of 
severe stress, this kind of delay could extend for 
almost the whole period of stress (Seetharama and 
Bidinger 1977). Physiological maturity is invariably 
hastened with increasing intensity of stress, thus 
curtailing the length of the grain-filling period (and 
also the grain yield). 
Crop Growth under Variable 
Moisture Environments 
The basic difference in growth habit between 
sorghum and millet is expected to influence the 
response of each to fluctuating soil moisture. We 
compared their growth responses under ade-
quately irrigated and stressed conditions (irriga-
tions withheld between 14 and 60 days after 
sowing) during summer (Fig. 5). Millet maintains its 
superiority both in leaf area and dry-matter 
increase, and in net assimilation rate (NAR) early in 
the season, even under drought (Fig. 5a). It also 
recovers faster than sorghum (compare the dry 
matter or NAR increase after release; Fig. 5a and 
5c, respectively) by rapid regrowth of the tillers 
However, sorghum still has higher dry matter at 
harvest because of its longer duration of growth, 
which is extended considerably more under stress 
than in millet (not shown in figure). 
Leaf area of millet declines after the onset of 
stress; sorghum leaf development can remain 
"dormant" during the same period and resume 
later after the release of stress, even at the time 
when the leaf area in the regularly irrigated 
sorghum starts declining rapidly (Fig. 5b). Thus 
millet, with its shorter developmental phases, rapid 
regrowth, and greater plasticity conferred by 
asynchronous tillering (especially under stress), 
can make better use of short periods of water avail-
ability during short growing seasons in SAT India. 
The data in Table 2 illustrate the compensation for 
the reduction in grain yield of main shoot by 
increase in the yield of tillers (especially those 
developed after the release of stress; Table 1), In 
this experiment, the delay in tiller development has 
actually increased the grain yield significantly in' 
the high-tillering hybrid ICH-220 (P<0.05), in 
which the contribution of tiller panicles to the total 
yield under stress exceeded that of main-shoot 
panicles. In the low-tillering ICH-162, the contribu-
tion of tillers increased threefold under stress. 
However, when there is an opportunity for an 
extended season facilitated by late, more assured 
rains, sorghum is more productive than millet, as it 
can withstand longer periods of drought during the 
earlier phases of development, and still recover to 
produce higher grain and fodder yields. 
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Figure 5 . Dry -mat te r accumula t ion (a) , leaf a rea c h a n g e s (b ) , a n d net assimi la t ion rate (c) of 
sorghum ( C S H - 6 ) and millet ( I C H - 4 2 5 ) under wel l - i r r igated (contro l ) a n d d rought -s t ressed t rea t -
ents dur ing summer . Stress w a s init iated 1 4 d a y s f r o m sowing . D o w n w a r d ar rows indicate t h e t i m e 
of release of stress by irrigation (1983 s u m m e r season; I C R I S A T , P a t a n c h e r u , Ind ia ) . 
Table 2. Grain yield and percentage contr ibut ion of main shoot (panicle) and ti l lers to to ta l gra in y ie ld in pearl 
mi l let hybrids under drought-stress condi t ions. (Irr igations were wi thheld between 20 and 45 days 
f rom emergence in stressed plots; Patancheru, summer 1982). 
Hybrid 
ICH-220 
(High-tillering) 
ICH-162 
(Low-tillering) 
Total grain yield (t/ha) 
Control Stress1 
2.6 3.0 
2.7 2.8 
Percentage contribution of 
Main shoot Tillers 
Control Stress Control. Stress 
68 44 32 56 
93 79 7 . 2 1 
Source: V. Mahalakshmi and F.R. Bidinger, ICRISAT, unpublished data. 
1. Grain yields were not reduced by stress in either cultivar, as the growth duration was extended as shown in Table 1. 
Sorghum Growth 
under Terminal Drought 
The response of sorghum to stress—at the end of 
the season under receding soil moisture conditions 
on Vertisols during the postrainy season—was 
compared with that of an irrigated (unstressed con-
trol) crop (Fig. 6a). The relative transpiration rate 
(T/Eo; Fig. 6b) was about one-third of class A pan 
evaporation rate (Eo) at about 3 weeks after sowing. 
It reached the peak level of two-thirds of Eo at about 
6 weeks, at which time the soil moisture also 
started declining rapidly, From then onwards the 
transpiration declined, unless the soil moisture was 
increased to high levels by irrigation. The seasonal 
transpirational water use was 160 mm for the dry-
land crop and 270 mm for the irrigated crop (which 
represented 95 and 90%, respectively, of the total 
water used in the season). 
The dryland crop extracted a greater amount of 
the stored water from the profile (Fig. 6a) than the 
irrigated crop, since about one-third of its roots 
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F i g u r e 6 . Seasona l c h a n g e s in t h e (a) avai lable 
w a t e r f rac t ion in t h e 187 cm profi le, a n d (b) 
t ransp i ra t ion /c lass A pan evapora t ion (T/Eo) 
rat ios of s o r g h u m under di f ferent moisture 
r e g i m e s on a Vert isol dur ing t h e 1 9 7 9 / 8 0 post-
ra iny season a t P a t a n c h e r u . T ransp i ra t ion w a s 
c a l c u l a t e d b y using t h e w a t e r - b a l a n c e m e t h o d 
o f S i n g h a n d Russell ( 1979 ) . 
were in the soil layer 1 m below the surface (the 
irrigated crop had only one-sixth of its roots in this 
layer), although it had less dense roots in the profile 
as a whole at both stages of growth (Fig. 7). Thus 
"deep-rootedness" (Jordan and Monk 1980) is 
highly relevant under stored soil moisture condi-
tions, especially in deep soils. 
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The dryland sorghum produced nearly the same 
grain yield as the irrigated crop because of greater 
use of stored moisture and better water-use effi-
ciency (WUE, or ratio of yield ; water use). 
Water -Use Efficiency 
Under comparable management conditions the 
water-use efficiency (WUE) of millet can reach the 
level of sorghum, but generally millet WUE is lower 
(Table 3) (See also Kanemasu et al., these Pro-
ceedings). Both the grain yield and water use of 
millet are also lower than those of sorghum 
because of shorter crop duration. The WUE of 
sorghum grown on a deep Vertisol at Patancheru 
on stored moisture is higher than that of an irrigated 
crop (Table 4). Not only the genotype but also 
various management factors such as plant popula-
tion, date of sowing, and application of fertilizers, 
mulches, and antitranspirants change WUE (see 
references in Tables 3 and 4). 
Seasonal ET demands also influence WUE. For 
example, in both sorghum and millet the WUE is 
higher during the milder postrainy season than dur-
ing summer. Under very severe drought conditions 
WUE can vary widely. We have plotted the WUE 
data of Lahiri (1980) and Mann and Lahiri (1979) 
against the reported seasonal rainfall for 4 years, 
two of which were very dry (Fig. 8). Under these 
conditions, WUE is clearly not a constant, and 
declines to very low values at rainfalls of less than 
200 mm. No information was given on the seasonal 
distribution of rainfall in the papers cited above, but 
it is possible that evaporation was the major com-
ponent of the ET if the rain in the dry years was 
received as very light showers. Thus ET under 
such conditions may not be a guide to potential 
production; the distribution of the rainfall may be 
the more critical factor, not only with respect to the 
time of the season at which the rain falls (as is 
commonly recognized) but also in the number and 
intensity of rainfall events, which may markedly 
affect the relative amounts of rainfall used for trans-
piration and other components of water balance. 
Similarly the WUE of rabi sorghum was substan-
tially higher at Patancheru on deep Vertisols than at 
Sholapur on shallower soils. While more than two-
thirds of seasonal available water is used for trans-
piration at Patancheru (Fig. 2), only about one-third 
is used at Sholapur (Mane and Shingte 1982). At 
Patancheru WUE on Vertisols is lower than on Alfis-
ols; under milder rabi conditions with reasonably 
assured moisture supply throughout the season, 
Figure 7 . Effect of irr igation on root-density prof i les of s o r g h u m on a Ver t iso l at 57 (a) a n d 70 (b) days 
after sowing , 1979 /80 postra iny season at P a t a n c h e r u , India . 
considerable yields and high WUE can be obtained 
with as little ET as 150 mm on the Alfisol (Table 4). 
Effect of Stress on Gra in Yields 
Because periods of drought stress under variable 
environments, are unpredictable, generalizations 
on the effects of stress on grain yields are difficult, 
We have considered the effects during three basic 
stages of growth: seedling (between emergence 
and floral initiation), panicle development (between 
floral initiation, approximately 20 days after sowing, 
and flowering), and grain filling. The effect of stress 
on seed germination and crop establishment, 
especially in pearl millet grown in SAT India, is 
important, but the problem of seedling emergence 
will not be discussed here. 
Stress during the seedling stage results primarily 
in poor crop establishment. Grain yields are 
reduced by such stress mainly through losses in 
plant stand. These losses may be general, or may 
occur in patches in the field; for example, in areas 
of shallow or light-textured soils. Stress occurring 
after crop establishment (but still within the seed-
ling phase) generally has very little effect on grain 
yields either in millet (Lahiri and Kharbanda 1965; 
Lahiri and Kumar 1966) or in sorghum (Scientific 
Liaison Office 1974; Shipley and Regier 1970). This 
is particularly true for millet, where the nonsynchro-
nous tillering habit provides plasticity in develop-
ment during early stages (Rao et al, 1977). 
Midseason stress has more severe effects on 
grain yield, and both the timing and the severity of 
such stresses are important. The effect of the time 
of termination of a period of midseason stress of 15 
to 20 days duration on millet is illustrated in Figure 
9. If the stress is terminated at or before flowering 
(of main shoot), the reductions in yield are small 
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Table 3. Seasonal evapotranspirat ion, biomass and grain yields, and water-use ef f ic iency of pearl mi l let in 
semi-ar id India. 
Year/ locat ion 
Rainy Season 
1968 Jodhpur 
1969 Jodhpur 
1970 Jodhpur 
1971 Jodhpur 
1974-77 Jodhpur 
1977 Jodhpur 
1973 Bawal 
1976 New Delhi 
1978 Patancheru 
Mean 
Range 
Postrainy Season 
1977 Patancheru 
1977 Patancheru 
Mean 
Summer Season 
1969-75 Rajendranagar 
Mean 
Seasonal 
evapotrans-
piration 
(m) 
0 .14 a 
0.07a 
0.15a 
0.18a 
0.25 
0.29 
0.29 
0.23 
0.30 
0.21 
0.07-0.30 
0.16 
0.10 
0.13 
0.31 -0.42 
0.37 
Biomass 
(t/ha) 
1.17 
0.07 
5.56 
3.17 
5.09 a 
8.54 
8.75 
8.09 
5.06 
07-8.75 
5.99 
3.13 
4.56 
Grain 
yield 
(t/ha) 
0.02 
0.00 
1.85 
0.96 
1.27 
1.74 
2.30 
2.23 
1.30 
0.0-2.30 
1.86 
1.10 
1.48 
2.14-3.53 
2.84 
Water-use eficiency 
(t /ha per m) 
Biomass 
8.4 
1.0 
37.1 
17.6 
17.6 
29.5 
38.0 
27.0 
22.0 
1.0-38.0 
37.4 
31.3 
34.4 
grain 
0.2 
0.0 
12.3 
5.3 
5.1 
6.0 
7.9 
7.4 
5.5 
0.0-12.3 
11.6 
11.0 
11.3 
6.9-8.4 
7.7 
Soil type and treatment 
Sandy loam: 20kg N/ha 
Sandy loam: 20kg N/ha 
Sandy loam: 20kg N/ha 
Sandy loam: 20kg N/ha 
Sandy loam: mean of 60 
and 120 kg N/ha 
Sandy loam: control crop 
Sandy loam: control crop 
Sandy loam: mean of 4 cvs 
Medium-deep Alfisol 
Medium-deep Alfisol 
60 mm rain + 3 irrigations 
As above except irrigations 
Loamy sand: irrigated crop 
Reference 
number 
1 
1 
1 
2 
2 
3 
4 
5 
6 
7 
7 
8 
a. Calculated from data presented. 
References 
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(< 20%), because this is a less sensitive stage of 
development, and tillers formed during the period of 
stress then complete development following the 
end of the stress. However, if the stress extends to 
the post-flowering period, yield reduction is more 
severe, as the opportunity to recover is gradually 
lost (Lahiri and Kumar 1966). 
The effects of variation in severity of a midsea-
son stress on millet is shown in Figure 9b (data from 
line-source experiment). Small deficits during this 
period have little effect on yield, and even severe 
deficits (essentially ho irrigation at all during the 
period) do not reduce yields more than 30%, again 
because of the recovery ability of the crop once the 
stress period is terminated. Stress during the grain-
filling period, however, has far more drastic effects. 
Timing of such a stress is particularly important 
(Fig. 9a), yield being reduced as much as 70% if the 
stress period begins at or just before flowering. 
Similarly, the yield reduction due to varying levels of 
stress is linearly proportional to the severity of the 
stress during grain filling (Fig. 9b). 
In rabi sorghum grown with stored moisture on 
Vertisols the degree of terminal stress would 
depend upon the amount of soil moisture available 
at flowering. About 17 kg of extra grain is harvested 
per hectare, for every additional 1 mm of water 
available during grain filling (Fig. 10). 
Plant Responses to Drought: 
Research Imperatives 
Two points applicable to all stress situations are: 
168 
Table 4. Seasonal evapotranspirat ion, biomass and grain yields, and water-use ef f ic iency of sorghum in 
semi-ar id India. 
Year/location 
Rainy Season 
1970 New Delhi 
1977 New Delhi 
1978 New Delhi 
1978 Patancheru 
1977 Patancheru 
1978 Patancheru 
Mean 
Range 
Postrainy Season 
1970 Sholapur 
1971 Sholapur 
1970 Sholapur 
1973 Sholapur 
1971 Sholapur 
1969-75 Rajendranagar 
1977 Patancheru 
1978 Patancheru 
1977 Patancheru 
1978 Patancheru 
1978 Patancheru 
1978 Patancheru 
1978 Patancheru 
1979 Patancheru 
i 
Mean 
Range 
Summer Season 
1969-75 Rajendranagar 
Mean 
Seasonal 
evapotrans-
piration 
(m) 
0.34 
0.32 
0.30 
0.43 
0.24 
0.44 
0.35 
0.24-044 
0.14 
0.18 
0.12 
0.19, 
0.25 
0.23 
0.21 
0.22 
0.32 
0.41 
0.25 
0.15 
0.48 
0.50 
0.26 
0.12-0.50 
0.34-0.50 
0.42 
Biomass 
(t/ha) 
9.83 
14.50 
25.00 
16.44 
9.83-25.0 
2.33 
6.61 
2 .85 a 
5.10 
11.00 
9.30 
14.50 
11.66 
7.09 
22.50 
19.95 
10.26 
2.33-22.5 
Grain 
yield 
(t/ha) 
5.07 
4.38 
3.32 
4.47 
3.70 
5.50 
4.41 
3.32-5.50 
0.69 
1.75 
0.28 
1.21 
0 .69 a 
3.77 
2.43 
2.74 
5.99 
3.13 
5.43 
2.71 
8.55 
7.58 
3.36 
0.28-8.55 
2.76-4.53 
3.65 
Water-use eficiency 
( t /ha per m) 
Biomass 
22.9 
60.4 
56.8 
46.7 
22.9-60.4 
19.4 
34.8 
11.4 
24.3 
50.0 
29.1 
35.4 
46.6 
47.3 
46.9 
39.9 
35.0 
11.4-50.0 
grain 
14.9 
13.7 
11.1 
10.4 
15.4 
12.5 
13,0 
10.4-15.4 
4.9 
9.7 
2.3 
6.4 
2.8 
16.4 
11.6 
12.5 
18.7 
7.6 
21.7 
18.1 
17.8 
15.2 
11.8 
2.3-21.7 
8.10-9.10 
8.6 
Soil type and treatment 
Sandy loam: cv Swarna 
Sandy loam: CSH-5 
control crop 
Sandy loam: CSH-5 
control crop 
Medium-deep Vertisol 
Deep Alfisol 
Vertisol, hydraulic 
lysimeter data 
90 cm black soil no rain 
during season: cold stress 
Rains during season 
50 kg N/ha 
Medium-deep black soil 
control treatment 
Medium-deep black soil 
control 
Medium-deep black soil 
control 
Sandy loam: irrigated 
Vertisol: stored moisture 
Vertisol: stored moisture 
Vertisol: irrigated 
Vertisol: irrigated 
Deep Alfisol: 6 irrigations 
Deep Alfisol: 4 irrigations 
Medium-deep Alfisols 
hydraulic lysimeter data: 
irrigated 
Medium-deep Alfisols 
hydraulic lysimeter data: 
irrigated 
Sandy loam: irrigated. 
Reference 
number 
1 
2 
2 
3 
4 
5 
6 
6 
7 
7 
7 
8 
9 
10 
9 
10 
11 
11 
5 
5 
8 
a Calculated from data presented. 
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F i g u r e 8 . C a l c u l a t e d w a t e r - u s e e f f ic iency 
( W U E ; k g a b o v e - g r o u n d d r y - m a t t e r a t har-
v e s t / 1 0 mm evapot ransp i ra t ion per ha) in rela-
t ion to to ta l seasona l rainfall in pear l mil let. 
D a t a a r e a v e r a g e of four to f ive cult ivars per 
year , 1 9 6 1 - 7 1 . F igures in parentheses are the 
a v e r a g e r e p o r t e d seasonal w a t e r - u s e f igures (in 
m m ) fo r al l g e n o t y p e s for e a c h year ( adapted 
f r o m Lahir i 1 9 8 0 ) . 
(1) the duration of the variety must be matched to 
the expected period of available moisture and (2) 
the crop demand for water must be matched to the 
expected rate of soil water supply by adjusting 
plant population, fertility, or time of sowing. In 
peninsular India, replacing the traditional long-
duration local cultivars of sorghum maturing after 
the cessation of rains with the early-maturing, high-
yielding ones has been quite successful (Rao 
1982), both in escaping possible terminal drought, 
and in allowing for flexibility in the time of sowing. 
Adjustment of farm practices to varying crop water 
demand is widely practiced by farmers in both 
sorghum- and millet-growing areas of India. Con-
siderable research has also been done on man-
agement practices (Singh et al. 1980), although 
often the relationship of management and water 
availability or demand is not clearly spelled out. 
Despite these generalities, the problems posed 
by drought are different in each of the three envir-
onments described earlier; consequently, varietal 
requirements and management practices for 
adaptation to these situations are also different. In 
an optimal environment, where high yields are pos-
sible with adequate management, the primary var-
ietal requirement is high yield potential, to take full 
advantage of good moisture conditions (Quizen-
berry 1982). Smaller yield reductions under mild 
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Figure 9a . Relat ionships b e t w e e n relative grain 
yie ld a n d the t iming of stress (relat ive to t ime of 
f lower ing) in pear l mil let on effect of t ime of 
te rminat ion of stress in relat ion to f lower ing , for 
a midseason stress of 15 to 30 days dura t ion; 
effect of t ime of ini t iat ion, of te rmina l (end-of -
season) stress in relat ion to t ime of f lower ing . 
(Da ta are averages of e ight cult ivars; 1978 and 
1979 s u m m e r season exper iments ; F.R. B id in -
ger a n d G . A l a g a r s w a m y , I C R I S A T , India, 
unpubl ished data. ) 
F igure 9b . Relat ive gra in y ie ld as a funct ion of 
severity of stress ( = i rr igat ion def ic i t during 
stress per iod, in mm of water ) ; o : fo r a 3 0 - d a y 
midseason stress; rewatered at f lower ing for 
a te rmina l stress b e g u n at f lower ing . ( D a t a are 
averages of 16 cult ivars f r o m t h e 1980 s u m m e r 
season; (V. M a h a l a k s h m i a n d F.R. Bidinger , 
I C R I S A T , India, unpub l i shed data. ) 
stress are strongly related to yield potential 
(Seetharama et al. 1982). Although the occasional 
short periods of drought at critical growth stages 
can reduce yield considerably, crop and soil man-
Figure 10. Relat ionships be tween total soil 
mois ture at f lower ing dur ing postrainy season 
in the upper 157 cm profi le of a Vertisol a n d 
s o r g h u m (cv C S H - 8 R ) grain y ie ld . o: non i r r i -
gated; o , • : one and t w o supplementary irriga-
t ions before f lower ing, respectively. T h e t w o 
da ta points s h o w n in the broken circle repres-
ent years in wh ich response to irrigation w a s 
poor, d u e either to severe stalk rot or to very low 
n i t rogen content in the profi le; both are left ou t 
f r o m the regression. Y = 1737-17x (kg /ga ; 
r = 0 . 8 1 * * ; data f rom Vert isol watersheds a t 
P a t a n c h e r u col lected dur ing the 1977-1982 
postra iny seasons) . 
agement techniques may be the best means of 
balancing yield and risk of drought in this 
environment. 
In the variable moisture environment, drought 
can limit plant growth at any time during the sea-
son. Under such conditions crops must be able to 
take full advantage of periods of available moisture, 
to withstand periods of stress, and to resume 
growth rapidly when moisture is again available 
(Quizenberry 1982; Seetharama et al. 1983). Many 
of the developmental and growth characteristics 
and the higher heat resistance of millet (Sullivan et 
al. 1977) clearly provide adaptation to a variable 
moisture environment (Bidinger et al. 1982). Land 
and water management practices—especially to 
reduce runoff, and increase the moisture storage in 
the soil—are important. Intercropping sorghum and 
millets with a wide range of pulses (Singh et al. 
1980) is a common practice in SAT India, which 
reduces the risk of crop failure in the system as a 
whole; 
In the stored moisture environment the terminal 
stress is much more predictable; both breeding and 
cultural means can be effectively used to increase 
the amount of water available during grain filling by 
reducing the proportion of water used before flow-
ering (Passioura 1976). Specific plant characteris-
tics in the sorghum crop, such as deep roots, 
osmotic adjustment, and translocation of stem 
reserves to the grain (unpublished data; Sardar 
Singh et al., ICRISAT, India) improve performance 
under receding moisture conditions. Breeding stra-
tegy for sorghum for this season should be different 
from that for the rainy season (Seetharama et al. 
1978). 
Conclusions 
Given the wide variability in drought stress due to 
variation in rainfall, soil water storage, and evapor-
ative demand, plant responses to drought vary 
enormously. There is an urgent need to (1) classify 
the variation in crop environments in agronomically 
relevant terms and (2) quantify the usefulness of 
specific mechanisms of adaption to drought that 
are of practical value in each type of moisture 
environment. Finally, research and operational 
plans should be responsive to the needs of different 
moisture environments, as the relative importance 
of yield stability, risk minimization, and potential 
production will vary greatly among them. 
References 
BIDINGER, F.R., M A H A L A K S H M I , V., T A L U K D A R , 
B.S., and ALAGARSWAMY, G. 1982. Improvement of 
drought resistance in pearl millet. Pages 357-375 in 
Drought resistance in crops with emphasis on rice. Los 
Banos, Philippines: International Rice Research Institute. 
GUPTA, J.P. 1980. Effect of mulches on moisture and 
thermal regimes of soil and yield of pearl millet. Annals of 
Arid Zone 19:132-138. 
HANKS, R.J., KELLER, J. , RASSMUSSEN, V.P., and 
WILSON, D.G. 1976. Line source sprinkler for continu-
ous variable irrigation—crop production studies. Soil 
Science Society of America Journal 40:426-429. 
ICRISAT (International Crops Research Inst i tute fo r 
the Semi-Ar id Trop ics) . 1978. Report of work for the 
year 1977-78. Environmental Physics subprogram report, 
ICRISAT, Patancheru, A.P., India. 155 pp. (Unpublished). 
171 
J O R D A N , W.R., and MONK, R.L. 1980. Enhancement 
of the drought resistance of sorghum: progress and limita-
tions. In Proceedings, Thirty-fifth Corn and Sorghum 
Research Conference, American Seed Trade Associa-
tion, 1980, Chicago, Ill, USA. 
KANEMASU, E.T., PIARA SINGH, and CHAUDHURI , 
U.N. 1984. Water use and water-use efficiency of pearl 
millet and sorghum. These proceedings. 
KANITKAR, N.V., SIRUR, S.S., and GOKHALE, D.H. 
1968. Dry farming in India (Third ed.). New Delhi, India: 
Indian Council of Agricultural Research. 470 pp. 
KRISHNAN, A., S INGH, S.D., and SASTRI, A.S.R.A.S. 
1981. Effect of plant population and nitrogen on water use 
efficiency of pearl millet in the arid zone of western Rajas-
than. Indian Journal of Agricultural Sciences 51:865-870. 
LAHIRl , A .N . 1980. Interaction of water stress and min-
eral nutrition on growth and yield. Pages 341 -352 in Adap-
tation of crop plants to water and high temperature stress 
(eds. N.C. Turner and PJ. Kramer). New York, USA: John 
Wiley. 
LAHIR l , A .N. , and KHARBANDA, B.C. 1965. Studies on 
plant-water relations: effects of moisture deficit at various 
developmental stages of bulrush millet. Proceedings of 
National Institute of Science, India, Part B 31:14-23. 
LAHIR l , A .N . , and KUMAR, V. 1966. Studies on plant-
water relations: III. Further studies on the drought-
mediated alterations in the performance of bulrush millet. 
Proceedings of National Institute of Science, India, Part B 
32:116-129. 
MANE, V.S., and SHINGTE, A.K. 1982. Use of mulch for 
conserving moisture and increasing the yield of sorghum 
in dryland. Indian Journal of Agricultural Sciences 
52:458-462. 
M A N N , H.S., and LAHIRl , A.N. 1979. Optimum use of 
water for agricultural crops, horticultural, and fuel trees in 
the desert areas. Proceedings of National Science 
Academy, India, Part B 45:1 -17. 
MISRA, R.K., and NAGARAJARAO.Y. 1981. Water use 
under different varieties of pearl millet. Journal of the 
Indian Society of Soil Science 29:301-306. 
N A T A R A J A N , M., and WILLEY, R.W. 1980. Sorghum-
pigeonpea intercropping and the effect of plant popula-
tion density. 2. Resource use. Journal of Agricultural 
Sciences, Cambridge 95:59-65. 
PASSIOURA, J.B. 1976. Physiology of grain yield in 
wheat growing on stored water. Australian Journal of 
Plant Physiology 3:559-565. 
PHARANDE, K.S., UMRANI , N.K., and KALE, S.P. 
1973. Moisture uptake pattern in relation to stage of crop 
and soil depth in sorghum. Indian Journal of Agricultural 
Sciences 43:701-703. 
172 
QUIZENBERRY, J.E. 1982. Breeding for drought resist-
ance and plant water use efficiency. Pages 193-212 in 
Breeding plants for less favorable environments. (eds. 
M.N. Christiansen and C.F. Lewis). New York, USA: John 
Wiley. 
RAGHAVULU, P., and S INGH, S.P. 1982. Effects of 
mulches and transpiration suppressants on yield, water 
use efficiency and uptake of nitrogen and phosphorus by 
sorghum under dryland conditions of north-western India. 
Journal of Agricultural Sciences, Cambridge 98:103-108. 
RAO, M.S.R., SESHACHALAM, N., RANGA RAO, V., 
and RAMACHANDRAM, M. 1977. Critical stages for 
moisture stress in different crops. Madras Journal of Agri-
cultural Sciences 11:496-500. 
RAO, N.G.P. 1982. Transforming traditional sorghums in 
India. Pages 39-59 in Sorghum in the Eighties: Proceed-
ings of the International Symposium on Sorghum. ICRI-
SAT, 2-7 Nov, 1981 Patancheru, A.P., India. Patancheru, 
A.P., India: ICRISAT. 
REDDY, K.A., VENKATACHARI , A., and RAJU 
P.S.P.R. 1980. Evapotranspiration and water use efi-
ciency of different crops. Indian Journal of Agronomy 
25:176-180. 
REDDY, M.S., and WILLEY; R.W. 1981. Growth and 
resource use studies inan intercrop of pearl millet/ 
groundnut. Field Crops Research 4:13-24. 
SCIENTIFIC LIAISON OFFICE. 1974. Department of 
the Prime Minister, Rhodesia; Reference Department, 
The University Library, Rhodesia University (compilers) 
Rhodesia Research Index, 1973. Salisbury, Rhodesia: 
Government Printer. 106 pp. 
SEETHARAMA, N., and BIDINGER, F.R. 1977. 
Sorghum drought resistance. Presented at the Interna-
tional Sorghum Workshop. ICRISAT, 6-13 March 1977, 
Hyderabad, India. 
SEETHARAMA, N., SIVAKUMAR, M.V.K., SARDAR 
SINGH, and BIDINGER, F.R. 1978. Sorghum productiv-
ity under receding soil moisture in Deccan plateau. Pres-
ented at the International Symposium on Biological 
Applications of Solar Energy. 1-5 Dec 1978, Madurai 
Kamaraj University, Madurai, India. 
SEETHARAMA, N., SIVAKUMAR, M.V.K., BIDIN-
GER, F.R., SARDAR SINGH., MAIT I , R.K., REDDY, 
B.V.S., PEACOCK, J.M., REDDY, S.J., MAHA-
L A K S H M I , V., S A C H A N , R.C., SHIVRAJ , A., 
MURTHY, S.R.K., NARAYANAN, A., KANNANGARA, 
T., DURLEY, R.C., and SIMPSON G.M. 1983. Physio-
logical basis for increasing and stabilizing yield under 
drought in sorghum. Proceedings of the Indian National 
Academy of Science, Part B, 49:498-523. 
SEETHARAMA, N., SUBBA REDDY, B.V., PEA-
COCK, J.M., and BIDINGER, F.R. 1982. Sorghum 
improvement for drought resistance. Pages 317-338 in 
Drought resistance in crops, with emphasis on rice. Los 
Banos, Philippines: International Rice Research Institute. 
SHIPLEY, J. , and REGIER, C. 1970. Water requirement 
in the production of irrigated grain sorghum in higher 
plains of Texas, 1969. Texas Agricultural Experiment Sta-
tion Progress Report No. 2829. Texas, USA. 24 pp. 
S INGH, A., and BAINS, S.S. 1971. Consumption use 
and moisture extraction pattern by sorghum (CSH-1 and 
Swarna) as influenced by nitrogen and plant population. 
Indian Journal of Agronomy 16:491-493. 
S INGH, P., and RUSSELL, M.B. 1979. Water balance 
and profile moisture loss patterns of an Alfisol. Agronomy 
Journal 71:963-966. 
S INGH, S.P., PAL, U.P., UMRANl , N.K., UPADHYAY, 
U.C., 1980. Agronomic researches on grain sorghum—a 
review. Pages 130-159 in Quarter Century of Agronomic 
Research in India (1955-1980). New Delhi, India: Silver 
Jubilee publication of Indian Society of Agronomy. 
SIVAKUMAR, M.V.K., HUDA, A.K.S., and VIRMANI , 
S.M. 1984. Physical environment of sorghum- and millet-
growing areas in south Asia. These Proceedings. 
SIVAKUMAR, M.V.K., SEETHARAMA, N., SARDAR 
SINGH, and BIDINGER, F.R. 1979. Water relations, 
growth and dry matter accumulation of sorghum under 
post-rainy season conditions. Agronomy Journal 71:843-
847. 
SULLIVAN, C.Y., NORCIO, V.V., and EASTIN, J.D. 
1977. Plant responses to high temperatures. Pages 301 -
317 in Genetic diversity in plants (eds. A. Mohamed, R. 
Aksel, and R.C. Von Borstel). New York, USA: Plenum 
Publishing Corp. 
VIJAY KUMAR, PURSHOOTTAM RAO, and SINGH, 
G.B. 1977. Evaluation of water harvesting technique in 
pearl millet (Pennisetum typhoides [Burm F.] Stapf & C.E. 
Hubb.) Production in dryland conditions of Haryana. 
Haryana Agricultural University Journal of Research 
7:24-31. 
V IRMANI , S.M., SIVAKUMAR, M.V.K., and REDDY, 
S.J. 1982. Rainfall probability estimates for selected loca-
tions of semi-arid India (second ed.). ICRISAT Research 
Bulletin No.1. Patancheru, A.P., India: ICRISAT. 170 pp. 
173 
